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Abstract
A critical process during thymic development of the T cell repertoire is the induction of self-
tolerance. Tolerance in developing T cells is highly dependent on medullary thymic epithelial cells
(mTEC) and mTEC development in turn requires signals from mature single positive (SP)
thymocytes, a bidirectional relationship termed thymus crosstalk. We show that CD28-CD80/86
and CD40-CD40L costimulatory interactions, which mediate negative selection and self-tolerance,
upregulate expression of LTα, LTβ and RANK in the thymus and are necessary for medullary
development. Combined absence of CD28-CD80/86 and CD40-CD40L results in profound
deficiency in mTEC development comparable to that observed in the absence of SP thymocytes.
This requirement for costimulatory signaling is maintained even in a TCR transgenic model of
high affinity TCR-ligand interactions. CD4 thymocytes maturing in the altered thymic epithelial
environment of CD40/CD80/86 KO mice are highly autoreactive in vitro and are lethal in
congenic adoptive transfer in vivo, demonstrating a critical role for these costimulatory pathways
in self-tolerance as well as thymic epithelial development. These findings demonstrate that
cooperativity between CD28-CD80/86 and CD40-CD40L pathways is required for normal
medullary epithelium and for maintenance of self-tolerance in thymocyte development.

Introduction
An important aspect of thymic T cell development is the generation of a functional T cell
repertoire that is capable of responding to a broad universe of foreign antigens but that is not
reactive to self. Self-tolerance is accomplished by a variety of mechanisms including
deletion of thymocytes with high affinity for self and diversion of developing self-reactive
thymocytes to a T regulatory cell fate. The thymic medulla plays a central role in this
tolerization process, providing an environment in which developing thymocytes are exposed
to a spectrum of self antigens during maturation and selection of CD4 and CD8 SP lineages.
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Medullary thymic epithelial cells (mTEC) are essential to successful induction of self-
tolerance, expressing a wide array of peripheral antigens, at least in part due to expression of
the autoimmune regulator (AIRE) gene (1, 2). The critical role of AIRE-expressing mTECs
in tolerance induction is evidenced by the severe autoimmune disease that occurs when
expression of AIRE protein is disrupted (2, 3). The dialogue between CD4 SP thymocytes
and stromal cells, termed thymic crosstalk, is in turn important in supporting development of
a normal mTEC compartment (4-7). There has therefore been considerable interest in
defining the molecular interactions that mediate this critical cross-talk. We undertook
studies to determine whether molecular interactions known to be important in the thymic
tolerization process, by both promoting negative selection and supporting generation of
regulatory T cells, might also have critical roles in maintaining a normal thymic medulla.
Thymic T regulatory cell development is critically dependent on CD28-CD80/86
interactions while negative selection of self-reactive SP thymocytes is mediated by both
CD28-CD80/86 (8, 9) and CD40-CD40L (10, 11) interactions. We therefore addressed the
role of CD28-CD80/CD86 and CD40-CD40L costimulatory pathways in interactions
between thymocytes and thymic stromal cells during thymic development.

We found that thymic epithelial cell development was only modestly perturbed by
inactivation of the CD40-CD40L or CD28-CD80/86 pathway alone, while in striking
contrast, the combined absence of CD28-CD80/86 and CD40-CD40L interactions in CD40/
CD80/86 KO mice resulted in a decrease in mTEC numbers as profound as that observed in
the complete absence of SP thymocytes. Examination of thymocyte development in the
altered thymic environment of CD40/CD80/86 KO mice revealed that CD40/CD80/86
deficient SP thymocytes were highly autoreactive, responding strongly in vitro to syngeneic
antigen presenting cells, in contrast to the minimal responses of either CD80/86 or CD40
deficient thymocytes, and causing accelerated death when transferred into congenic nude
mice. These findings demonstrate that a strong cooperativity between CD28-CD80/86 and
CD40-CD40L pathways is required for both normal epithelial and thymocyte development;
in their absence, the tolerance-inducing thymic medullary compartment fails to properly
develop and SP thymocytes are autoreactive.

Material and Methods
Mice

BALB/c (BALB) mice were obtained from the Frederick Cancer Research Facility
(Frederick, MD) and maintained at Bioqual (Rockville, MD). BALB CD40 deficient mice
were obtained from The Jackson Laboratory (Bar Harbor, ME) and maintained at Bioqual;
and BALB CD80/86 deficient mice were a generous gift from Arlene Sharpe. BALB CD40/
CD80/86 knockout (KO) mice were generated through crosses of CD40 KO and CD80/86
KO mice on a BALB background. BALB CD40L deficient mice were generated by
backcrossing C57BL/6 (B6) CD40L KO mice from The Jackson Laboratory (Bar Harbor,
ME) for 5 generations onto the BALB background. BALB CD28/CD40L KO mice were
generated by crossing the BALB CD40L KO mice with BALB CD28 KO mice obtained
from The Jackson Laboratory. LTβR KO (12) mice have been previously described and
were crossed to either B6 CD40 KO or B6 CD28 KO (Jackson Laboratory) mice to generate
LTβR/CD40 KO or LTβR/CD28 KO mice, respectively. DO11 TCR transgenic mice
(13)were crossed to BALB CD40/CD80/86 KO or to B6 CD40/CD80/86 KO mice to
generate DO11 tg+ mice lacking expression of CD40, CD80/86 or CD40/CD80/86 on H2d

or H2d×b backgrounds, respectively. TCRα KO mice have been previously described (14).
Athymic BALB nu/nu mice were obtained from Frederick National Laboratory for Cancer
Research.
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Cell proliferation assays
CD8-depleted thymocytes (>80% CD4+ SP thymocytes) and T-depleted splenocytes were
prepared using CD8-specific, or CD4- and CD8-specfic magnetic beads (Miltenyi),
respectively. T-depleted splenocytes were irradiated at 500 rads, then 2 × 105 CD8- depleted
thymocytes were added to titrated numbers of irradiated splenocyte APCs in 96 well round
bottom plates. Cultures were incubated for 3-4 days prior to addition of 3H-thymidine for 16
hr.

Preparation of thymic stromal cells for flow cytometric analysis and sorting
Thymic stromal cell preparations were made using methods modified from those reported by
Gray et al. (15). Following release of thymocytes by gentle teasing of the thymus, thymic
fragments were digested with Collagenase/Dispase at 0.25% w/v plus DNase 1 at 0.125% w/
v (Roche) in 4 sequential 15 minute incubations at 37°C. Reactions were stopped by
addition of FCS to 20%. For TEC analysis, single cell suspensions were stained with anti-
CD45.2-Fitc (104; BD), anti-Ly51-PE (BP-1; BD), anti-MHC class II-APC (M5-114;
Ebiosciences) and UEA-1 biotin (Vector). Dead cells were excluded with propidium iodide
staining. Intracellular staining for AIRE was performed using FoxP3 fix/permeabilization
(eBioscience) and rat anti-AIRE (clone 5H12), a generous gift from H. Scott, Walter and
Eliza Hall Institute of Medical Research, Melbourne, Australia (16) and anti-rat IgG2c-PE
(clone 2C-8F1; Southern Biotechnology Associates, Inc.). For mTEC sorting, enriched TEC
preparations were made by discontinuous density gradient fractionation (17). Enriched TECs
were stained with anti-CD45.2, anti-MHC class II, and UEA-1. CD45.2- negative, MHC II+

UEA+ cells (mTEC) were collected using a FACSAria flow cytometer (BD) and analyzed
using FloJo (TreeStar, San Carlos, CA) FACS analysis software. Gating strategies are
included in figure legends.

Immunohistology
Sections (6 μm) of OCT-embedded frozen tissue were air-dried for 15 min and then
incubated 2 h with optimal dilutions of the primary rabbit polyclonal anti-keratin 14
(Covance Research Products) and rat anti-keratin 8 (Troma-I; DHSB, Iowa University) or
anti-Ly51-Pe (BD) and UEA-1 FITC (Vector). Tissues were washed, and after an
amplification step (anti-rabbit-Alexa 546 for K14, anti-rat-Alexa 488 for K8, or biotinylated
anti-PE followed by streptavidin Alexa 546 for Ly51), were mounted on microscope slides
and imaged using a Zeiss axiovert 200M inverted epifluorescence microscope equipped with
appropriate fluorescence filters (Chroma Technologies Inc.), a motorized scanning stage, a
10× plan-apochromat (N.A. 0.45) objective lens and a Photometrics CoolsnapES CCD
camera (Roper Scientific, Inc.). Sequential images were acquired using the multi-
dimensional mosaix algorithm in AxioVision software (Carl Zeiss MicroImaging Inc.). The
resultant matrix of images, covering the entire area of the thymus section, was aligned and
stitched using AxioVision software. The stitched image was converted to a single large TIFF
file. In preparing figures for display, a copy of each TIFF file was rescaled and compiled
using Adobe Photoshop.

qPCR
Total cellular RNA was DNaseI-treated and reverse-transcribed with oligo (dT) primer and
SuperScript III reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed
using SYBR Premix Ex Taq (TaKaRa) and Light Cycler DX400 (Roche). Amplified
products were confirmed to be single bands by gel electrophoresis. The primer sequences
are described previously (6, 18).
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Adoptive transfer to athymic nude recipients
Thymocytes were prepared from wildtype (WT), CD40 KO, CD80/86 KO and CD40/
CD80/86 KO mice on a BALB background and injected intravenously into BALB nu/nu
recipient mice. Mice were weighed weekly and monitored daily for signs of morbidity.

Histopathology
For histological analysis, organs (liver, small intestine, colon, stomach, heart, spleen, lymph
nodes, and lung) were fixed in 10% neutral buffered formalin (Sigma), embedded in
paraffin, sectioned and stained with hematoxylin and eosin.

Statistical analysis
Student's t test (unpaired, 2-tailed) was used to determine p values.

Results
Normal thymic medullary development requires CD40-CD40L and CD28-CD80/86
interactions

Previous work has documented the importance of thymocyte/stromal cell crosstalk in
establishing normal thymic medullary structure (4, 5). Both CD28-CD80/86 and CD40-
CD40L pathways are known to be important interactions for deletion of autoreactive
thymocytes and mediation of self-tolerance in the thymus (8-11), which prompted us to
examine the roles of these costimulatory pathways in the thymic crosstalk that results in
development of the thymic medulla. To accomplish this, we analyzed thymic sections from
BALB wild type (WT), CD80/86 KO, CD40 KO and CD40/CD80/86 KO mice. As can be
seen in Fig 1, deletion of CD40 alone or of CD80/86 alone had little effect on cortico-
medullary architecture as defined using either anti-keratin 14 or the lectin UEA-1 to stain
thymic medulla, and Ly-51 (cortex specific ) or anti-keratin 8 (stains cortex and some
medullary epithelium) to reveal the cortex. In contrast, the medullary epithelium was much
reduced in the CD40/CD80/86 KO thymus relative to other genotypes, and was comparable
to the profound reduction seen in TCRα KO thymus lacking SP thymocytes. This analysis
was extended by flow cytometric characterization. Thymic epithelial cells were defined as
CD45negMHCII+ and assigned further as mTEC and cTEC based on staining with UEA and
Ly51 (mTEC=UEA+; cTEC=UEAnegLy51+) (Fig 2A). The CD40 KO had reduced numbers
of mTEC relative to both WT and CD80/86 KO mice (Fig. 2B). Strikingly, however, the
CD40/80/86 KO had a profound reduction in mTEC numbers relative to all other groups,
including the CD40 KO. Notably, the number of CD4 or CD8 SP thymocytes in
CD40/80/86 KO mice was not decreased, indicating that the defect in mTEC development
does not result from a decrease in SP cells known to play a role in medullary development
(Fig.2 C). CD4 SP cells were in fact increased in CD80/86 and CD40 KO thymuses,
consistent with previous observations (19-21). A significant reduction in mTEC numbers
was also observed in BALB CD40L/CD28 KO mice relative to wildtype, CD28 or CD40L
single KOs, confirming that it is simultaneous disruption of the CD40-CD40L and CD28-
CD80/86 pathways that results in a deficient mTEC compartment (Fig S1).

mTECs are a heterogeneous population consisting of MHCIIloCD80lo and MHCIIhi CD80hi

cells. A subpopulation of the MHCIIhi CD80hi cells are AIRE+ and have a critical role in the
induction of thymic tolerance (reviewed in (22)). Interestingly, while the total number of
UEA+ mTECs was significantly decreased in CD40/CD80/86 KO mice, the frequencies of
MHCIIhi and MHCIIlo mTEC, and the frequency of AIRE+ MHCIIhi cells within the mTEC
population was similar to that of WT mice (Fig S2A, S2B). Overall, however, there was a
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dramatic reduction in the absolute number of AIRE+ mTEC in CD40/CD80/86 KO mice
(Fig S2C).

To further characterize the decrease in mTECs observed in CD40/CD80/86 KO mice, we
compared the number of mTECs present in WT and CD40/CD80/86 KO mice at various
time points after birth. Numbers of mTECs were comparable in WT and CD40/CD80/86 KO
mice shortly after birth (Fig. 2D). With increasing age, the number of mTEC increased
progressively in WT mice, but not in KO mice. Thus the absence of CD40-CD40L and
CD28-CD80/86 interactions does not affect the numbers of mTEC present until several days
after birth, a time at which the number of SP thymocytes begins to dramatically increase.

Costimulation influences expression of genes critical for mTEC development and SP
thymocyte recruitment to the medulla

A number of the factors implicated in mTEC development are members of the TNF/TNFR
family known to signal through the non-classical NF-κB pathway central to lympho-
organogenesis and mTEC formation (reviewed in (23)). Therefore, to identify the
mechanisms underlying collaborative effects of CD28 and CD40 pathways in mTEC
development, we determined if disruption of CD28-CD80/86 and CD40-CD40L interactions
affected expression of a panel of TNF/TNFR family members in both CD4 SP cells and
mTEC. Relative to WT CD4 thymocytes, levels of LTα and LTβ mRNA were significantly
decreased in the CD80/86 KO and CD40/CD80/86 KO but not in CD40 KO CD4 SPs (Fig.
3A). In addition, expression of the chemokine CCL19, known to be upregulated in mTEC in
response to LTα/β (24), was decreased in CD40L/CD28 KO relative to WT mTEC.
Expression of mTEC CCL21, was not significantly decreased (p=0.1). CD4 SP thymocyte
expression of RANKL was not reduced in the absence of CD40-CD40L and/or CD28-
CD80/86 interactions, while comparison of WT and CD40L/CD28 KO mTEC revealed that
expression of RANK was significantly decreased in CD28/CD40L KOs (Fig. 3B).
Expression of LTβR and AIRE in WT and CD28/CD40L KO mTECs was comparable.
Taken together, the gene expression data from CD4 SP thymocytes and from mTEC indicate
that mice lacking both CD28-CD80/86 and CD40-CD40L interactions have deficiencies in
at least three TNFR family pathways which are known to promote mTEC development:
CD40L-CD40, LT-LTβR and RANKL-RANK, as well as reduction in the CCL19
chemokine important for recruiting SP thymocytes to the medulla where they are subject to
negative selection.

CD28 acts via regulation of LTα/β expression in cooperating with CD40 signals to promote
mTEC development

The observations that CD28-CD80/86 interactions contribute significantly to production of
LTαβ in CD4 SP thymocytes and that CD40/CD80/86 KO mice have a profound reduction
in mTEC prompted us to test the hypothesis that CD28 signals cooperate with CD40 signals
via regulation of the LTβR pathway to promote mTEC development. To do this we
examined the medullary phenotype of LTβR/CD40 KO mice. As previously described (25,
26), we observed a significant reduction in the number of UEA+ mTEC in LTβR KOs
relative to WT mice (Fig. 4). Interestingly, mTEC were significantly further reduced when
the LTβR KO is combined with CD40 KO in LTβR/CD40 KO mice but not when combined
with CD28 KO in LTβR/CD28 KO mice (Fig. 4). The failure to observe a further deficit in
mTEC numbers in LTβR/CD28 KOs relative to LTβR KO mice suggests that the major
contribution of CD28-CD80/86 interactions to mTEC development is via increased SP
thymocyte expression of LTαβ. Conversely, the finding that the LTβR/CD40 KO does have
a more profound deficit in mTEC relative to the LTβR KO is consistent with CD28-
CD80/86 cooperating with CD40-CD40L interactions to facilitate mTEC development by
promoting SP thymocyte production of LTαβ.
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Expression of a TCR with high affinity for self does not overcome the requirement for
costimulation to promote mTEC development

Requirements for costimulation in the activation of peripheral T cells are influenced by the
strength of TCR-ligand interactions, such that strong TCR signaling can reduce or obviate
the requirement for costimulation (27, 28). It has also been reported that high affinity TCR-
ligand interactions are important in driving mTEC development (7). We therefore asked
whether expression of a TCR with known high affinity for self antigen would overcome the
requirement for CD40-CD40L and CD28-CD80/86 interactions in promoting mTEC
development. To this end we generated DO11 TCRtg+ mice on either an H2d or H2b×d

background and compared development of mTEC in the presence or absence of CD40-
CD40L and CD28-CD80/86 interactions. The DO11 TCR transgene (tg) has been shown to
have a high affinity for self I-Ab ligand, as evidenced by increased CD5 levels on DO11 tg+

in comparison with DO11tgneg CD4+ SP thymocytes in I-Ab-expressing H2b×d mice (29,
30), consistent with results shown in Fig.5A (left panel). The lower affinity of the DO11 tg
for H-2d ligand is reflected in the reduced CD5 levels of DO11 tg+ T cells in H2d mice (Fig.
5A right panel). When we examined the thymic epithelial compartment of DO11tg+ H2b×d

mice, we observed no significant difference in the numbers of mTECs recovered relative to
those found in DO11tgneg H2b×d mice, whereas numbers of mTEC are profoundly reduced
in DO11tg+ H2d mice compared to DO11tgneg H2d mice. These results are consistent with
an enhanced ability of high affinity TCR to mediate the robust interactions required to
support mTEC development (Fig 5B). Interestingly, we found that generation of the mTEC
compartment even in the presence of high affinity TCR is strongly dependent on CD40-
CD40L and CD28-CD80/86 costimulatory interactions, as mTEC numbers in DO11tg+

CD40/CD80/86 KO H2b×d mice are dramatically reduced relative to DO11tg+ WT H2b×d

mice. Notably, the number of CD4 SP thymocytes in DO11tg+ CD40/CD80/86 KO H2b×d

mice was not reduced, and in fact was significantly increased, in costimulation-deficient
mice, indicating that defects in mTEC development were not the result of decreased SP
thymocytes (Fig. 5B). Thus, the requirement for CD40-CD40L and CD28-CD80/86
costimulatory interactions is stringently maintained even in the presence of a high affinity
TCR-ligand interaction.

Altered thymocyte subpopulations in CD40/CD80/86 KO mice: increased CD4 SP cells and
severe reductions of T regulatory and iNKT subpopulations

As shown above in Fig 2C, the proportion and number of CD4 SP thymocytes was increased
in CD40 KO and CD80/86 KO mice, and was further increased in CD40/CD80/86 KO mice
relative to WT, CD40 KO and CD80/86 KOs while numbers of CD8 SP thymocytes were
not significantly different. The significant changes in the thymic medullary compartment of
CD40/CD80/86 KO mice prompted us to further characterize the thymocyte subpopulations
present in these animals.

Using a CD1-tetramer to identify thymic iNKT cells, we observed a significant reduction in
these cells in CD80/86 KO mice as previously reported (31, 32) and, interestingly, also
found that the absence of CD40 was accompanied by a significant decrease in thymic
iNKTs, a finding, to our knowledge, not previously reported (Fig. 6 ). A significantly more
profound decrease of iNKT cells occurred in CD40/CD80/86 KO mice.

CD4+FoxP3+ (Treg) thymocytes were clearly decreased in the absence of CD80/86, as
previously reported (33, 34) (Fig. 6 ). Also consistent with previous reports, we found a
decrease in the frequency of CD4+ Treg thymocytes in CD40 KO mice (35, 36), but we did
not see a decrease in absolute Treg numbers. Notably, however, both Treg cell frequency
and number were decreased in CD40/CD80/86 KO relative to wildtype, CD40 KO and even
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CD80/86 KOs (Fig. 6). Thus, iNKT and Treg thymic populations are dependent on both
CD28-CD80/86 and CD40 signaling.

CD40/CD80/86 KO thymocytes are autoreactive
The increase in CD4 SP thymocytes observed in CD40/CD80/86 KO mice suggested that
tolerance induction via clonal deletion may not be occurring normally in these mice. The
deficiency in regulatory iNKT cells and Treg further suggested that defects in tolerance
might occur in this setting. To determine whether or not these defects in CD40/CD80/86 KO
mice result in the appearance of an autoreactive T cell repertoire, we first examined the TCR
Vβ repertoire of the BALB CD40/CD80/86 KO to assess endogenous superantigen (SAg)-
mediated negative selection. SAg-mediated deletion of CD4 SP cells expressing Vb5, Vb11
and Vb12 was severely compromised in BALB CD40 KO, consistent with previous reports
(Fig. S3) (10, 11). BALB CD40/CD80/86 KO mice exhibited a similarly severe impairment.
We next assessed self-reactivity in mixed lymphocyte cultures with responder CD4-enriched
thymocytes derived from BALB WT, CD40 KO, CD80/86 KO or CD40/CD80/86 KO
animals and syngeneic BALB WT APCs or allogeneic B6 WT APCs. CD4-enriched
thymocytes from BALB WT mice did not proliferate in response to BALB APC (Fig. 7A).
Strikingly, in contrast to the limited magnitude of syngeneic responses of CD40KO or
CD80/86KO thymocytes, CD40/CD80/86 KO thymocytes generated a much stronger
syngeneic response. All four BALB background strains responded vigorously to allogeneic
B6 APCs. CD40/CD80/86 KO CD4 thymocytes failed to generate a proliferative response to
BALB CD40 KO or CD40/CD80/86 KO splenic APCs and mounted a much reduced
response to CD80/86 KO APCs, indicating that both CD40-CD40L and CD80/86-CD28
interactions are required for this syngeneic response (Fig. 7B).

CD40/CD80/86 KO mice appeared healthy, with no apparent signs of overt autoimmunity,
despite the in vitro autoreactivity of these cells. However, since in vitro autoreactivity was
dependent upon expression of CD40 and CD80/86 costimulatory ligands on APC, it was
possible that the absence of in vivo manifestations of autoreactivity in CD40/CD80/86 KO
mice was due to the absence of CD40-CD40L and CD28-CD80/86 costimulatory
interactions required to drive an autoimmune response. To overcome the absence of
costimulatory interactions and to test whether the autoreactive response displayed by CD40/
CD80/86 KO thymocytes in vitro would be manifest in vivo, thymocytes from BALB WT,
CD40 KO, CD80/86 KO and CD40/CD80/86 KO mice were adoptively transferred to
congenic athymic BALB nude CD40+/CD80/86+ recipients. Transfer of CD40/CD80/86 KO
thymocytes resulted in death of the majority of recipient mice by 2 months post-transfer, a
timepoint at which no deaths had occurred in recipients of BALB WT, CD40 KO or
CD80/86 KO thymocytes (Fig 8A). Detailed histological examination revealed no consistent
cause of death, but striking lymphadenopathy and splenomegaly were significantly more
pronounced in recipients of CD40/CD80/86 KO thymocytes, and splenic CD8 T cells from
these mice were significantly increased in numbers relative to BALB nudes receiving WT,
CD80/86 KO or CD40 KO thymocytes (Fig 8B). In addition, the proportion of CD69+ CD4
and CD8 T cells was significantly higher in spleens of recipients of CD40/CD80/86 KO
thymocytes relative to recipients of individual KO or WT thymocytes. Taken together, the
autoproliferative phenotype observed in the BALB CD40/CD80/86 KO thymocytes in vitro
and the high mortality rates accompanied by significant T cell activation observed in in vivo
transfer indicate that there has been a breakdown of functional self-tolerance in the CD40/
CD80/86 KO thymus.
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Discussion
In the studies reported here, we found that simultaneous disruption of CD28-CD80/86 and
CD40-CD40L costimulatory pathways results in a profound defect in mTEC development
that is as severe as that which results from absence of all SP thymocytes. Moreover, CD4 SP
thymocytes that matured in the altered thymic epithelial environment of CD40/CD80/86 KO
mice were highly autoreactive in in vitro proliferative responses and were lethal when
adoptively transferred to congenic athymic recipients in vivo. Collectively, these findings
demonstrate a critical and cooperative role for these costimulatory pathways in the
bidirectional interactions between medullary epithelium and developing thymocytes that are
critical for self-tolerance as well as thymic epithelial development.

Consistent with previous reports, we observed that disruption of the CD40-CD40L pathway
alone resulted in a significant defect in mTEC development, but one that was far less severe
than that in mice deficient in both CD40-CD40L and CD28-CD80/86. We found no effect of
disruption of CD28-CD80/86, although a recent report employing an elegant technique of 3-
D reconstruction did identify an effect of CD80/86 deletion on mTEC(37).

Interestingly, the deficit which we observed in CD40/CD80/86 KO mTEC cell numbers was
not evident in newborn mice and did not become apparent until approximately day 6 after
birth, following the appearance of SP thymocytes. In the embryonic thymus, mTEC are
critically dependent on RANKL-expressing LTi cells (38) and Vγ5 γδ T cells (39). Our data
suggest that this early LTi-dependent mTEC development is occurring normally in the
CD40/CD80/86 KO mice, with defects in the mTEC compartment only being manifest in
5-6 day old thymus. Expression of CD40L in the thymus is not detectable until the
appearance of CD4 SP thymocytes (40) and is not detectable on LTi cells (41). Although
CD28 is expressed on late DN and DP thymocytes, it is unlikely that these immature
thymocytes would have access to or interact with CD80/86-expressing mTEC or thymic
dendritic cells which are primarily localized to the medulla (42). The migration of
developing thymocytes to the medulla occurs only once developing DP thymocytes receive
a positive selection signal and the chemokine receptor, CCR7, is upregulated, allowing
positively selected thymocytes to migrate towards CCL19/21-producing mTECs (43). Thus
CD80/86-CD28 and CD40-CD40L interactions are expected to become critical components
of the circuitry that promotes mTEC development only after CD4 SP thymocytes begin to
appear, precisely as we observed when tracking mTEC numbers at birth and shortly
thereafter.

mTECs express a number of TNFR family members including CD40, LTβR, and RANK (6).
A feature shared by the TNFR family members expressed on mTECs is the capacity to
activate RelB (44-46), a critical component of the non-classical NF-κB pathway. The
importance of this pathway in mediating development of a normal mTEC compartment is
evidenced by the absence of UEA+ medullary epithelial cells in mice deficient for crucial
components involved in the alternative NF-κB pathway including RelB, IKKα, and NIK
(47-51). The mechanism(s) by which SP thymocytes promote mTEC development have
been shown to include important roles for members of the TNFR family ligands. In
particular, CD40L, RANKL and LTαβ have all been shown to be upregulated on SP
thymocytes relative to DN and DP thymocytes (6); and mice lacking RANK-RANKL,
LTαβ-LTβR or CD40-CD40L interactions have mTEC compartment defects of varying
severities (6, 25, 38, 40, 41). Consistent with recent reports (37, 52), we found that
expression of LTαβ on CD4 SP thymocytes is decreased in the absence of CD28-CD80/86
interactions. Our finding that LTβR/CD40 combined KO mice have a more profound mTEC
defect than either the LTβR or CD40 single KOs suggests that CD28-CD80/86 cooperates
with CD40-CD40L interactions to promote mTEC development, in part via increased LTαβ
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production by CD4 SP thymocytes. These findings are consistent with the recent report that
combined stimulation of 2-dGUO-treated thymic lobes with agonist anti- LTβR antibody
and CD40L synergized in the in vitro induction of mTEC (52), importantly extending these
findings by demonstrating that LTβR and CD40L pathways in fact interact cooperatively
during in vivo thymic development. Furthermore, we found that RANK expression is
decreased on mTEC in mice deficient for both CD40-CD40L and CD28-CD80/86
interactions, possibly a reflection of the decrease in LTαβ observed in the absence of CD28
signals (37, 52). Thus, in the CD40/CD80/86 KO thymus, RANK-RANKL, LTαβ-LTβR and
CD40-CD40L interactions, all shown to cooperate in promoting development of mTEC, are
either significantly reduced (RANK-RANKL and LTαβ-LTβR) or eliminated (CD40-
CD40L), providing a basis for explaining the dramatic reduction in mTEC numbers we
observe in the these mice.

Strong in vitro and lethal in vivo autoreactivity was observed in CD4 SP thymocytes that
develop in CD40/CD80/86 KO thymus. A number of factors may contribute to the observed
failure to induce self-tolerance in the absence of these costimulatory pathways.
Autoreactivity may result, at least in part, from the defective thymic medullary epithelial
compartment found in these costimulation-deficient animals, as defective tolerance
induction has been shown to accompany disruption of the mTEC compartment. RelB-,
Traf6-, Bcl3/NFκB2-, and CD40/RANK-deficient mice all provide examples of this; in each
of these cases, severe defects in development of the mTEC compartment are coupled with an
autoreactive T cell repertoire (40, 47, 48, 53, 54). In the RelB-, Traf6- and Bcl3/NF-κB2-
deficient animals, clear signs of autoreactivity were present in the knockouts themselves
whereas in the CD40/RANK-deficient mice, similar to our CD40/CD80/86 KOs,
autoreactivity was revealed only when the T cells were placed in an environment where the
ligands for T cell activation (i.e. CD40L and CD80/86) were supplied (40). However, while
the severe disruption of the thymic medullary compartment may have a role in allowing self-
reactive thymocytes to develop in the CD40/CD80/86 KOs, interactions between the
costimulatory receptor-ligand pairs CD28-CD80/CD86 and CD40-CD40L have additional
roles in shaping the repertoire of developing thymocytes that could, in their absence, lead to
the emergence of autoreactive thymocytes. CD40-CD40L interactions play an essential role
in negative selection of autoreactive thymocytes (10, 11), while CD28-CD80/CD86
interactions are required for thymic development of FoxP3+ Treg cells (33, 34) as well as a
reported role in negative selection (8, 19). It is therefore possible that the failure to
appropriately tolerize developing thymocytes in CD40/CD80/86 KO mice is multifaceted
and reflects a failure of negative selection compounded by a deficit in mTECs and the
absence of a T regulatory cell population.

The results reported here demonstrate that the effects of CD40-CD40L and CD28-CD80/86
interactions in the thymus are bidirectional and influence both CD28- and CD40L-
expressing T cells and the CD80/86- and CD40-expressing cells with which these T cells
interact; in the absence of these costimulatory pathways, a normal mTEC compartment fails
to be formed and autoreactive thymocytes are allowed to persist. Thus, these costimulatory
molecules that are vital components in the dialogue that occurs between T cells and the
antigen presenting cells with which they interact in the periphery are also critical elements
of the crosstalk that shapes the development of thymocytes and the epithelial cells of the
thymus.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Altered thymic microenvironment in CD40/CD80/86 KO mice. Thymic cryosections from
WT, CD80/86 KO, CD40 KO, CD40/CD80/86 KO and TCRα KO were stained with a
combination of (left panel) anti-keratin 14 (medullary epithelium, red) and anti-keratin-8
(cortical and some medullary epithelium, green) or (right panel) with UEA1 (medullary
epithelium, green) and anti-Ly51 (cortical epithelium, red). Bars, 2 mm. Thymic cross
sections from 3 mice per strain were stained and representative images are shown. Mice
were all 4 weeks of age.
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Figure 2.
Number of thymic medullary epithelial cells is decreased in CD40/CD80/86 KO mice while
number of CD4 SP thymocytes is increased. (A) Thymic stromal cells from BALB WT,
CD80/86 KO, CD40 KO and CD40/CD80/86 KO mice were prepared as described in
Materials and Methods and stained with anti-CD45, UEA-1, anti-Ly51 and anti-IA/IE. After
first gating on CD45neg, IA/IE+ cells, mTECs were identified as UEA+ and cTEC as
UEAnegLy51+. Flow cytometry dot plots are representative of > 9 mice per strain. (B)
Thymic stromal cells were prepared as in (A). After gating on CD45neg, IA/IE+ cells,
numbers of mTEC (UEA+) and cTEC (UEAneg, Ly51+) were calculated for each group.
Data shown are mean ± SE for ≥ 9 mice per strain. All mice were between 3-5 weeks of age.
**, p≤ 0.01; ***, p≤ 0.001. (C) Thymocytes from 4 week old WT, CD80/86 KO, CD40 KO
and CD40/CD80/86 KO mice were stained with anti-CD4 and anti-CD8 and numbers of
CD4 and CD8 SP were calculated after gating on the respective single positive populations.
*, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001 ****, p≤ 0.0001. (D) mTEC population in CD40/
CD80/86 KO mice fails to expand after birth. Thymic stromal cells from BALB WT and
CD40/80/86 KO mice were prepared from mice 1-32 days of age and stained as in B. After
gating on CD45neg, IA/IE+ cells, numbers of mTEC (UEA-1+) were determined. Data
shown are the mean ± SE for ≥ 3 mice per strain.
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Figure 3.
Quantitative RT-PCR analysis of sorted BALB WT, CD80/86 KO, CD40 KO, and CD40/
CD80/86 KO CD4 SP thymocytes, and WT and CD28/CD40L mTECs. (A) mRNA
expression of LTα, LTβ, RANKL, and CCR7 in CD4 SP thymocytes was normalized to
GAPDH mRNA and values for the WT DP samples were arbitrarily set to 1. Data shown are
mean ± SE for 5 independent measurements for each strain (*, p ≤0.05; **, p ≤0.01; ****, p
≤0.0001). All mice were 4 weeks of age. (B) mTEC were sorted as described in Material and
Methods by gating on CD45neg, MHC II+, UEA+ cells. mRNA expression of RANK,
CCL19, CCL21, AIRE, and LTβR was normalized to GAPDH. Data shown are mean ± SE
for n=5 (WT) or n=4 (CD28/CD40L K0) independent measurements. For each independent
measurement, RNA was prepared from mTECs sorted from a minimum of 4 pooled
thymuses per strain. All mice were 2 weeks of age. (p=0.1 for CCL21; **, p<0.01;
****p<0.0001).
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Figure 4.
Number of thymic medullary epithelial cells in CD40/LTβR KO mice is reduced relative to
LTβR KO mice. Thymic stromal cells from 3-5 week old mice were prepared as described in
Materials and Methods and stained with anti-CD45, UEA-1, anti-Ly51 and anti-IA/IE. After
gating on CD45neg, IA/IE+ cells, numbers of mTEC (UEA+), and cTEC (UEAneg, Ly51+)
were calculated for each group. Data shown are mean ± SE for ≥ 3 mice per strain. (*,
p<0.05; **, p<0.01, ****p<0.0001), ns – not significant.
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Figure 5.
High affinity TCR-MHC interactions are not sufficient to overcome requirement for
costimulation. (A) Thymocytes from CB6F1 DO11tgneg (H2d×b), CB6F1 DO11
TCRtg+(H2d×b), BALB DO11tgneg (H2d), and BALB DO11 TCR tg+(H2d) mice were
stained with anti-CD4, anti-CD8, KJ126 (DO11 TCRtg+ samples only), and anti-CD5 and
analyzed by flow cytometry. Histograms show CD5 expression on gated CD4 SP
thymocytes from CB6F1 DO11tgneg (H2d×b) and BALB DO11tgneg (H2d) and KJ126+ CD4
SP thymocytes from and CB6F1 DO11 TCRtg+ (H2d×b), and BALB DO11 TCR tg+(H2d)
mice. (B) Preparations of thymic stromal cells from costimulation intact as well as CD40/
CD80/86 deficient CB6F1 DO11tgneg (H2d×b), CB6F1 DO11 TCRtg+ (H2d×b), BALB
DO11 TCR tgneg(H2d), and BALB DO11 TCR tg+(H2d) mice were stained with anti-CD45,
UEA-1, anti-Ly51 and anti-IA/IE to identify mTEC (CD45neg, IA/IE+, UEA+) and cTEC
(CD45neg, IA/IE+,UEAneg, Ly51+). Thymocytes were stained with anti-CD4 and anti-CD8
to identify CD4 SP cells. Numbers of mTEC, cTEC, and CD4 SP thymocytes for each strain
are shown. Bar graphs show the mean ± SE for ≥ 4 mice per strain (*, p < 0.05;**, p < 0.01;
***, p < 0.001).
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Figure 6.
Changes in number (left panels) and frequency (right panels) of thymocyte subpopulations
in the absence of costimulatory interactions. Thymocytes from 4 week old BALB WT,
CD80/86 KO, CD40 KO and CD40/CD80/86 KO mice were stained with anti-CD3 and
CD1-PBS-57 tetramers to identify iNKT cells (top panels), or anti-CD4, anti-CD8 and anti-
FoxP3 to identify Treg cells (bottom panels) and analyzed by flow cytometry. Bar graphs
show the mean ± SE for 4-9 mice per strain. (*, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001 ****,
p≤ 0.0001).
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Fig 7.
CD40/CD80/86 KO thymocytes proliferate in syngeneic MLRs in a costimulation-
dependent manner. (A) CD8-depleted thymocytes from BALB WT, CD80/86 KO, CD40
KO and CD40/CD80/86 KO mice were cultured with T cell-depleted BALB or B6 WT
splenocytes for 72 hr prior to addition of 3H-thymidine for 16 hr. Results shown are means
of triplicate wells ± SE and are representative of 8 independent experiments. (B) CD8-
depleted BALB CD40/CD80/86 KO thymocytes were cultured with T-depleted BALB WT,
CD80/86 KO, CD40 KO and CD40/CD80/86 KO splenocytes for 72 hr prior to addition of
3H-thymidine for 16 hr. Results shown represent means of triplicate wells ± SE and are
representative of 2 independent experiments.
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Figure 8.
Transfer of CD40/80/86 KO thymocytes into syngeneic BALB nu/nu mice results in rapid
death. Total thymocytes were purified from BALB WT, CD80/86 KO, CD40 KO and
CD40/80/86 KO mice and 1 × 107 (1×) or 0.5 × 107 (0.5×) cells were transferred i.v. to
BALB nu/nu recipient mice. (A) Mice were monitored daily for 13. 5 weeks and the
proportion of surviving mice are shown plotted against days post transfer. 15-20 mice were
included in each group. (B) Splenomegaly and increased numbers of activated CD8 T cells
in BALB nu/nu mice receiving CD40/CD80/86 KO thymocytes. Total thymocytes were
purified from BALB WT, CD80/86 KO, CD40 KO and CD40/80/86 KO mice and
transferred i.v. to BALB nu/nu recipient mice as in Fig. 8A. Single cell suspensions were
prepared from spleens harvested from BALB nu/nu recipient mice 4-6.5 weeks after
receiving thymocytes and stained with anti-CD4, anti-CD8 and anti-CD69. Data shown are
means ± SE for WT (n=9), CD80/86 KO (n=6), CD40 KO (n=5) and CD40/CD80/86 KO
(n=17). 1 × 107 thymocytes were transferred for WT, CD80/86 KO and CD40 KO, while the
data for the CD40/CD80/86 KO transfers represent both 1× (1 × 107) and 0.5× (0.5 × 107 )
cells transferred (*, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001 ****, p≤ 0.0001).
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